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capture the dynamics of complex ecological systems, and an even more serious challenge to be able to adapt such a simulation to shifting and expanding analytical requirements and contexts.
The Dynamic Information Architecture System (DIAS) is a flexible, extensible, object-based framework for developing and maintaining complex simulations.
DIAS supports fully distributed simulations in which the real-world entities that makeup ecological systems are represented as software "domain objects." The Integrated
Dynamic Landscape Analysis and Modeling System (IDLAMS) provides a good example of how DIAS has been used ,to build a suite of models for the purpose of assessing the ecological impacts of military land use and land management practices. IDLAMS is a prototype conservation modeling suite that provides military environmental managers and decision-makers with a strategic, integrated, and adaptive approach to natural resources planning and ecosystem management. The IDLAMS prototype used Fort
Riley, Kansas as a case study to demonstrate DIAS' capabilities to offer flexibility, interprocess dynamics, and reuse of code for ecosystem modeling and simulation. DIAS can also readily lend itself to other applications in ecological risk assessment. It has great potential for the integration of ecological models (associated with biological uptake and effects) with environmental fate and transport models. A DIAS ecological risk assessment application could be used to predict the magnitude and extent of ecological risks and evaluate remedy effectiveness in a timely manner. Furthermore, because DIAS
Introduction
Ecological risk assessments are mandated regulatory activities at contaminated sites managed by federal agencies. These assessments must be specific enough to support defensible determinations of acceptable and unacceptable risks to ecological resources. In addition, the information developed through the risk assessment process plays an important role in the development and evaluation of remedial alternatives and in monitoring and evaluating ultimate remedy effectiveness and site restoration.
In contrast to human health risk assessments, ecological risk assessments typically deal with complex systems and must integrate many more physical, chemical, and ecological processes and relationships. Ecological systems can be characterized by the interplay of diverse natural and anthropogenic processes interacting across a range of spatial and temporal scales. Because of this greater complexity, the direct and indirect effects of contaminants (such as reduced population size, productivity, and altered community structure) vary greatly among the exposed ecological resources. IrI addition, impacts associated with remediation activities may further adversely affect ecological resources through direct habitat loss or reduction in habitat quality.
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Ecological risk assessments typically must gather, integrate, and evaluate sitespeciflc information regarding 1) environmental fate and transport of contaminants, 2) the modes of action of each contaminant under evaluation (effects information), 3) contaminant uptake by biota from the environment and subsequent movement through food webs, and 4) the responses of the ecological resources under evaluation to the contaminant exposure (EPA, 1997) . These data may be obtained by a variety of methods, including direct sampling and measurement of biological and environmental parameters, laboratory toxicity studies to develop dose-response relationships, extensive literature reviews, and mathematical modeling (EPA, 1993; Campbell and Bartell, 1998) , to estimate contaminant-and species-specific doses and responses.
In addition to the difficulties associated with trying to establish cause-and-effect relationships between environmental contaminants and ecological resources, the collection and evaluation of necessary data are typically conducted under regulatorydriven timelines and budget constraints that may preclude certain types of data-gathering activities. Thus, there is a need for an easy-to-use tool that can readily integrate environmental and ecological models into an ecological risk assessment role and can offer a time-and cost-effective way to evaluate ecological risks. Researchers have recognized the need for more integrated and comprehensive approaches to modeling and simulation that can assess several components of an ecological system simultaneously (Maxwell and Costanza, 1995; Berry et al., 1996; Bennett et al., 1996; Frysinger et al., 1996; Fedra, 1996; Zandbergen, 1998, and Bartell et al., 1999) .
The modeling and simulation approach is a method for evaluating potential impacts of different environmental scenarios associated with complex ecological systems. integrate, and analyze spatial data pertinent to evaluating changes in ecological systems (for example, see Minns and Moore, 1992; Akcakaya, 1996 (online) ; Band et al., 1996; DOE, 1996; Zandbergen, 1998) . Many of these efforts have resulted in the creation of larger, more comprehensive models that employ model-to-model or model-to-GIS linkages (Band et al., 1996; Ortigosa et al., 
2000).
The use of GIS software as the integration framework for many of the systems seems obvious because of the important role spatial dynamics has in evaluating complex ecological systems. Although these efforts have illustrated the potential of integrated modeling, they have created integration systems that are somewhat inflexible and that do
. not adequately reflect true inter-process dynamics. The development and subsequent use of IDLAMS showed that the GIS framework, although a powerful tool for spatial display and analysis, was not an appropriate integration tool. While a powerful tool for displaying and analyzing large data sets, it could not serve as the adaptive platform for integrating diverse models and simulations (Sydelko et al., 1999 ).
R is a major challenge to assemble a simulation system that can successfully capture the dynamics of complex ecological systems, and an even more serious challenge to be able to adapt such a simulation to shifting and expanding analytical requirements and contexts. To illustrate the principle of behavior abstraction, assume the model includes a Fish entity object behavior that results in the fish dying. This behavior is generically coded into the Fish object as "implement mortality." This generic behavior "implement mortality" represents the "WHAT."
"implement mortality" specifically The implementation details for "HOW' the behavior occurs would depend on the external simulation process of interest and included in the DIAS model suite. For example, depending on the objectives of the simulation, models that "implement mortality" may include population models, disease models, predator/prey models, or harvest models.
The DIAS approach allows models to be linked to appropriate domain objects "on the fly", to meet the specific needs of a given simulation objective. This leads to even greater flexibility and extensibility of the simulation model. In DIAS, models communicate only with domain (entity) objects, never directly with each other (Figure 2 ).
From a software perspective, this makes it easy to add models, or swap alternative models in and out without major recoding.
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Figure 2. DIAS object-model interaction approach
In complex DIAS simulations, external models or applications participate in a simulation through a formalized registration process that "wraps" each model or application for use in DIAS. This "wrapping" procedure requires a formal registration procedure that enables the DIAS entity objects to implement external models to address
behaviors. An important feature of DIAS is that the "wrapped" models and applications run in their native system language.
languages rather than requiring translation to a common or standard Thus, an environmental fate and transport model such as the QWASI model of chemical fate in lakes (Mackay, 1991) , which simulates contaminant fate and transport in lakes, may easily interact with the Wisconsin Sea Grant Fish Bioenergetics II model (Hanson et al., 1997) , which can be used to estimate contaminant bioaccumulation by fish. Using DIAS, these two models could contaminant uptake and concentration in scenarios. For example, the QWASI model be integrated to permit the user to predict fish under different contaminant-loading might implement a Lake object's behavior "update sediment PCB concentration"
sediments.
The Bioenergetics model to estimate the PCB concentration in the lake might then invoke an Individual Fish object's behavior "contaminant uptake" that would estimate contaminant uptake by fish feeding in the kike, and then in turn update the Individual Fish object's parameter "contaminant concentration" to provide a predicted contaminant concentration in the fish. A GIS application can also be added to the suite of models to provide for model integration of various spatially-explicit parameters such as the Sediment object's "extent" parameter, the Fish Population object's "distribution" parameter, and the Sediment object's "contaminant input locations" parameter. This GIS application can also be used to provide graphical displays of updated parameters such as "contaminant distributions" and "aquatic habitats with high bioaccumulation potential."
This ability to link external models and applications gives DIAS the ability to scale very well to increasingly complex problems. To adequately address the scientific domain of these new models, however, requires that intelligent domain (discipline)
expertise be used in entity object design.
A major advantage of DIAS' object-model approach is that it includes the use of a dynamic entity object library that speeds application development. This object library contains entity objects that represent real-world entities, in both state and behavior, for a wide variety of subject domains. Each time a new application is developed using the DIAS framework, existing objects become more mature (new state and behavior are added) and new objects are added to the library. In this way, the library is continuously expanding, making future application development more efficient.
Another important feature of the DIAS framework is its ability to provide runtime feedback between models. Whereas users of the original IDLAMS were restricted by a static setup for simulation runs using a "hard-wired" sequencing of models and Within DIAS, COAS are used to represent specific behaviors of entity objects.
00-IDLAMS prototype
Study site description
The study area used for the 00-IDLAMS prototype is Fort Riley, Kansas, which is the same study area used in the original IDLAMS application (Li et al., 1998 to enhance the condition of the vegetation as a conservation measure, so that the vegetation is as close to its potential natural climax as possible and is in stable and vigorous condition; reducing soil erosion is part of this goal. Third, the managers wish to enhance wildlife habitat. Several game species, including deer, elk, and prairie chickens, provide opportunities for hunting on parts of the installation, which helps to foster goodwill among off-base hunters. In addition, managers must be concerned with enhancing and protecting currently and potentially threatened and endangered plant and animal species. Finally, the fourth goal is for managers to determine the best allocation of their land management budget to the competing resource uses and needs on the installation.
Simulation implementation
The original IDLAMS integrates data, environmental models, land-use planning, and decision support technologies through a GIS-based framework. The system implemented for Fort Riley, Kansas, can model and predict changes in vegetation type that might result from fire, forestishrub expansion, or secondary succession of grassland following training activity disturbances. It also has submodels for soil erosion prediction and wildlife habitat suitability analyses.
Environmental managers and decision-makers can use IDLAMS to:
. Simulate "what-if" scenarios for predicting future ecological conditions under a given land management plan; q Incorporate trade-off analyses when comparing different land management alternatives; and . Identify and resolve land-use issues and determine cost-effective solutions to long-term land stewardship problems.
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Because the objective of the 00-IDLAMS prototype research was only to demonstrate the advantages of this new object-oriented architecture approach, not totally rebuild the old IDLAMS, the 00-IDLAMS prototype integrates only a subset of the . original IDLAMS. Figure 3 illustrates 00-IDLAMS prototype conceptual design. The 00-IDLAMS entity objects contain state variables (attributes) that represent the input/output parameters of the models within the simulation suite and encapsulate behavior implemented by the models in the suite. 00-IDLAMS employs an object-oriented GIS module and provides real-time spatially oriented displays of an object's positions and/or parameters. This GIS module is designed to navigate within an 00-IDLAMS study area/frame to create, query, view, and manipulate objects. For each simulation implementation, model output parameters are generated at each time step of the simulation. The four parameters shown in Figure 4 are Landcover, Land Use Distribution, Planted Areas, and Henslow's Sparrow Habitat. 
Conclusion
The 00-IDLAMS prototype illustrates the advantages of the DIAS object-model approach to integrated dynamic simulation and modeling that can assist in evaluating a diverse array of environmental problems associated with land management. 
